This study was conducted to evaluate age-specific seroprevalence of pertussis in Korea and to formulate a strategy to prevent and reduce the incidence of pertussis. Residual serum samples of healthy adolescents and adults 11 yr of age or older were collected between July 2012 and December 2012, and anti-pertussis toxin (PT) IgG titers were measured using a commercial ELISA kit. We compared the mean anti-PT IgG titers and seroprevalence of pertussis of the six age groups: 11-20, 21-30, 31-40, 41-50, 51-60, and ≥ 61 yr. A total of 1,192 subjects were enrolled. The mean anti-PT IgG titer and pertussis seroprevalence were 35.53 ± 62.91 EU/mL and 41.4%, respectively. The mean anti-PT IgG titers and seroprevalence were not significantly different between the age groups. However, the seroprevalence in individuals 51 yr of age or older was significantly higher than in individuals younger than 51 yr (46.5% vs 39.1%, P = 0.017). Based on these results, a new pertussis prevention strategy is necessary for older adults.
INTRODUCTION
The incidence of pertussis decreased with the introduction of the diphtheria-tetanus-whole cell pertussis (DTwP) vaccination in children around the world (1) , and a decrease in pertussis was also observed in Korea where the DTwP vaccination has been universally recommended for infants and children since 1954 (2) . However, pertussis began to rise in the 1990s in Europe and North America, especially in adolescents (1, (3) (4) (5) , and it has been also observed since the 2000s in Korea (2) . The increased incidence of pertussis was assumed to be caused by a waning vaccine effect after previous vaccinations, a decreased boosting effect by natural pertussis infections in a community, the emergence of mutated Bordetella pertussis species that differ from the vaccine strain, and improved diagnostic modalities (3) (4) (5) (6) (7) . In the United States, since 2006, Tdap booster vaccinations at adolescence have been recommended to control the increasing pertussis incidence based on cost-effectiveness studies (8) (9) (10) ). An adolescent Tdap booster vaccination at 11-12 yr of age was also introduced in 2009 in Korea because the incidence of pertussis began to rise in the 2000s (2) . Pertussis in adolescents and adults often presents with atypical manifestations, such as asymptomatic infections and a chronic cough, rather than typical pertussis symptoms, and because of this, the actual infection rates may be higher than the incidence and prevalence based on clinical diagnosis (11) (12) (13) . Therefore, repeated seroepidemiological studies are necessary to understand pertussis epidemiology and seroprevalence in communities. We conducted this seroepidemiological study to evaluate the current status and periodic changes of pertussis prevalence in Korea after 2002 and 2008 (14) .
MATERIALS AND METHODS

Serum collection
Residual serum samples were collected from healthy adults and adolescents 11 yr of age or older, who visited the Health Promotion Center of Seoul St. Mary's Hospital, Seoul and St. Vincent Hospital, Suwon, Korea between July and December 2012.
Anti-pertussis toxin IgG enzyme-linked immunosorbent assay
IgG antibody titer against pertussis toxin (PT) which is a specific B. pertussis antigen was determined in the collected serum samples using a commercial enzyme-linked immunosorbent assay (ELISA) kit (IBL International GmbH, Hamburg, Germany) according to the manufacturer's recommendations. In brief, each serum sample was diluted with a dilution buffer in a 1:101 ratio, and 100 μL of the diluted solution was pipetted into each well. The well was covered with adhesive foil, and the diluted solution was incubated for 60 min at room temperature. The incubated solution was discarded, and each well was washed three times with 300 μL of wash buffer. Next, 100 μL of enzyme conjugate was put into each well, and the wells were covered with adhesive foil. The wells were incubated for 30 min, and each well was washed three times. Next, 100 μL substrate solution was added to each well, and then the samples were incubated for 20 min in the dark. Then, 100 μL of a stop solution was added, gently mixed, and an optical density at 450 nm was determined. The antibody titer was calculated from the optical density using a standard curve. Seropositivity was defined as anti-PT IgG titer > 24 EU/mL according to the manufacturer's recommendation.
Data analysis and statistical analysis
Subjects were divided into six age groups: 11-20 yr, 21-30 yr, 31-40 yr, 41-50 yr, 51-60 yr, and ≥ 61 yr. A mean anti-PT IgG titer was calculated for each age group, and the mean titers were compared using the one-way analysis of variance (ANOVA). Seroprevalence, defined as the proportion of seropositive subjects of each age group, was compared using a chi-square test. Statistical analysis was performed with SPSS Statistics 17.0 software (SPSS Inc., Chicago, IL, USA), and statistical significance was defined as a two-tailed P value < 0.05.
Ethics statement
This study was approved by the institutional review board (IRB) of the Seoul St. Mary Hospital (IRB No. KC12TNSI0283) and also each participating hospital. The requirement for informed consent of subjects was waived by the board.
RESULTS
During the study period, 1,192 residual sera were collected from adults and adolescents from 11 to 85 yr of age, the subjects consisted of 600 males (50.3%) and 592 females (49.7%). The number of subjects in each age group was as follows: 198 in 11-20 yr, 211 in 21-30 yr, 213 in 31-40 yr, 198 in 41-50 yr, 191 in 51-60 yr, and 181 in ≥ 61 yr. The gender ratios of all of the age groups were not different significantly (Table 1) .
Anti-pertussis toxin IgG titer
The anti-PT IgG titers ranged from 1.78 to 975.62 EU/mL, and the mean anti-PT IgG titer was 35.53 ± 62.91 EU/mL. The mean anti-PT IgG titer was highest in the 41-50 yr age group and lowest in the 31-40 yr age group. The mean titers of all the age groups were not significantly different ( Table 1 ). The mean IgG titers for males and females were 37.92 ± 65.55 EU/mL and 33.11 ± 60.08 EU/mL, respectively, and these titers were not significantly different ( Fig. 1 , P = 0.187). The mean IgG titers were not significantly different based on gender, according to age groups (Table 1) .
Pertussis seroprevalence
Among 1,192 subjects, 494 individuals (41.4%) were seropositive (anti-PT IgG titer > 24 EU/mL), and there were 268 seropositive males (54.3%) and 226 seropositive females (45.7%, P = 0.023). Although the seroprevalence of each age group was not significantly different (Table 1) , the seroprevalence of subjects aged 51 or older was significantly higher than the seroprevalence of subjects younger than 51 yr (46.5% vs. 39.1%, P = 0.017, Fig. 2 ). In each gender, there was no significant difference for seroprevalence according to the age groups (Table 1) .
DISCUSSION
This study was the third surveillance of pertussis seroprevalence based on anti-PT IgG titers after 2002 and 2008 (14) . The mean anti-PT IgG titer of the whole population in this study was 35.53 EU/mL, which was lower than the titer of a previous study, conducted in 2008, which reported a mean anti-PT titer of 56.16 EU/mL (14) . In addition, the mean titer of each age group was (16) . In short, the pertussis incidence in regions where the 2008 study was conducted was higher than the incidence in regions where this study was conducted in both 2008 and 2011. Therefore, we suggest that the higher mean anti-PT IgG titer and higher pertussis seroprevalence in the 2008 study were caused by regional differences of pertussis incidence between the two studies. This study identified a significantly higher seroprevalence in adults aged 51 or older compared to other age groups. This result was different from the result of the 2008 study, which showed a decrease in the seroprevalence after the age of 41 yr (14) . We expected that the highest pertussis seroprevalence would be observed in the 11-20 yr age group because this group should had received Tdap booster vaccinations, recommended at 11-12 yr of age by the National Immunization Program of the Korean government (17) . However, the highest prevalence was observed in the ≥ 61 yr age group. This finding indicates that natural pertussis infection is endemic in older adults and that Tdap booster vaccination rates at 11-12 yr of age may be insufficient. Reports from Israel and the Netherlands have already indicated that the highest pertussis seroprevalence was in older adults (13, 18) . Because protective immunity against pertussis may last for 4-12 yr after a primary DTaP vaccination series (19, 20), natural pertussis infection could occur in older adults even after previous vaccinations. However, pertussis in older adults may present with atypical manifestations (12, 21, 22) , and the pertussis might not be diagnosed and treated early. The adults with pertussis infection might transmit pertussis, which could allow the disease to persist endemically in older adults and also affect unvaccinated infants (3, (23) (24) (25) . Even if, adolescent Tdap booster vaccinations are administered extensively, natural pertussis infection may continue in older adults due to the waning effect of the Tdap vaccination (5, 11, 19, 20) . Therefore, it will be necessary to develop a strategy that reduces natural pertussis infection in older adults after the adolescent Tdap vaccination. First, doctors should work to diagnose and treat patients with pertussis infection with atypical manifestations early. The necessity of an additional pertussis booster vaccination for adults after the adolescent Tdap vaccination should also be considered. However, additional studies are needed to determine the duration of protective immunity after a pertussis vaccination in adults, the amount of reactogenicity that will occur with repeated pertussis vaccinations in adults and the optimal pertussis vaccination interval for adults (26) . Both the mean anti-PT IgG titer and pertussis seroprevalence in this study were higher in males than in females without a statistical significance. One previous study reported higher seroprevalence of pertussis in females compared to males (13) , while other studies usually reported higher seroprevalence in males (18, 27, 28) . However, these differences in pertussis seroprevalence between males and females were not statistically significant. In Korea, tetanus seroprevalence in adult males is higher than in females because tetanus vaccines are administered to most adult males during their obligatory military service (29) . In addition, more social and occupational activities in males compared to females may result in more natural infection of tetanus, and vaccination for tetanus prophylaxis and consequently higher seroprevalence of tetanus (30) . Considering that pertussis vaccination is not given to adults in Korea, higher pertussis seroprevalence in adult males compared to females may be caused by more natural infection in males who have more social and occupational activities than females. However, patients aged 10 or more reported with pertussis in Korea were 17 males and 28 females between 2009 and 2011 (16) , and this female dominance is contrary to the male dominance of pertussis seroprevalence. Because the estimated incidence of pertussis in Korean people older than 10 yr was low, about 0.013 per 100,000 males and 0.022 per 100,000 females (16), the sex difference in pertussis incidence may be not significant. Because we cannot estimate the number of pertussis patients who were not diagnosed or not reported, the sex difference in the incidence of natural pertussis infection cannot be defined, and a multicenter or nationwide study is required.
This study was conducted using the same commercial ELISA kit as the 2008 study, however, the regions that participated in the two studies were different. Therefore, we might be unable to directly compare the mean anti-PT IgG titer and seroprevalence of pertussis. Additionally, the anti-PT IgG titer, > 24 EU/mL, might not reflect the actual seroprevalence because the ELISA methods for the anti-PT IgG titer have not been standardized and the anti-PT IgG titer cut-off value to discriminate between recent and remote infections has not yet been determined in the Korean population. However, the changing trend of anti-PT seroprevalence according to the age groups should be meaningful.
The results of this study indicated that the pertussis seroprevalence was higher in older adults than in younger adults and adolescents, which contradicted results of previous studies. We also identified the necessity of a new strategy to prevent and reduce pertussis infection in older adults. Additional pertussis booster vaccination in adults may be a strategy, however, further studies that examine optimal vaccination schedules and a cost-effectiveness of the strategy are needed.
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